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Introduction {#sec001}
============

Stability control of transcripts is crucial to establish appropriate gene expression profiles in a wide range of biological processes \[[@pgen.1008598.ref001], [@pgen.1008598.ref002]\]. In the fission yeast *Schizosaccharomyces pombe*, expression of a number of meiotic genes is strictly repressed during the mitotic cell cycle by selective RNA elimination, in addition to transcriptional suppression, since their aberrant expression is highly deleterious to cell growth \[[@pgen.1008598.ref003], [@pgen.1008598.ref004]\]. Selectivity in meiotic RNA degradation is guaranteed by a particular sequence element termed DSR (determinant of selective removal) on meiotic transcripts, which is composed of the repetitive hexanucleotide motif UNAAAC \[[@pgen.1008598.ref003], [@pgen.1008598.ref005]--[@pgen.1008598.ref007]\]. Meiotic transcripts are recognized by a YTH family RNA-binding protein, Mmi1, through direct binding of the YTH domain with UNAAAC DSR motifs \[[@pgen.1008598.ref003], [@pgen.1008598.ref006]\]. The mode of Mmi1 interaction with RNAs is different from that of other YTH proteins, and Mmi1 does not recognize *N*^6^-methyladenosine-containing RNAs \[[@pgen.1008598.ref008]--[@pgen.1008598.ref011]\].

Mmi1 induces selective degradation of DSR-containing meiotic transcripts by the nuclear exosome \[[@pgen.1008598.ref003], [@pgen.1008598.ref012]\]. The exosome is a highly conserved 3′-5′ exonuclease complex that localizes to both the nucleus and cytoplasm \[[@pgen.1008598.ref013]--[@pgen.1008598.ref015]\]. The cytoplasmic exosome consists of a nine-subunit inert complex and a catalytically active subunit, Dis3. In the nucleus, an additional exonuclease, Rrp6, binds to the nine-subunit complex in addition to Dis3. Recent genome-wide analyses have revealed that the exosome targets various classes of coding and non-coding transcripts \[[@pgen.1008598.ref016]--[@pgen.1008598.ref018]\]. The exosome cooperates with a variety of adapter complexes for selective degradation of divergent target transcripts. Mmi1-mediated selective elimination of meiotic transcripts requires polyadenylation-related factors, including a canonical poly(A) polymerase, Pla1, and a poly(A)-binding protein, Pab2 \[[@pgen.1008598.ref012], [@pgen.1008598.ref019], [@pgen.1008598.ref020]\]. Another pivotal factor engaged in Mmi1-mediated RNA degradation is a zinc-finger protein, Red1 \[[@pgen.1008598.ref021], [@pgen.1008598.ref022]\]. Red1, together with Mtr4-like RNA helicase protein, Mtl1, constitutes a complex termed MTREC (Mtl1-Red1 core) or NURS (nuclear RNA silencing), and mediates the selective degradation of various transcripts, including not only meiotic RNAs, but also cryptic unstable transcripts (CUTs), the latter of which are independent of Mmi1 \[[@pgen.1008598.ref023]--[@pgen.1008598.ref025]\]. The machinery of Mmi1-mediated RNA degradation also triggers facultative heterochromatin formation at a subset of its target genes \[[@pgen.1008598.ref005], [@pgen.1008598.ref026], [@pgen.1008598.ref027]\]. Furthermore, it regulates transcription termination of its targets \[[@pgen.1008598.ref028]--[@pgen.1008598.ref030]\], suggesting that Mmi1-mediated multilayered regulation rigorously shapes appropriate gene expression profiles in mitotically growing cells.

Mmi1 forms nuclear foci in vegetatively growing cells \[[@pgen.1008598.ref003]\]. Most, if not all, factors cooperating with Mmi1, including the nuclear exosome, colocalize with Mmi1 at nuclear foci \[[@pgen.1008598.ref012], [@pgen.1008598.ref021], [@pgen.1008598.ref022], [@pgen.1008598.ref024], [@pgen.1008598.ref031], [@pgen.1008598.ref032]\]. We have recently shown that DSR-containing meiotic transcripts are tethered to the Mmi1 foci \[[@pgen.1008598.ref033]\]. Tethering of meiotic transcripts leads to prevention of their nuclear export and deleterious expression of meiotic proteins, even when RNA elimination is compromised \[[@pgen.1008598.ref033]\]. Foci formation of Mmi1 requires its self-interaction with the assistance of a homolog of Enhancer of Rudimentary, Erh1, which induces Mmi1 dimerization \[[@pgen.1008598.ref033], [@pgen.1008598.ref034]\]. Mmi1 mutant cells lacking the self-interaction domain (SID) and *erh1* deletion mutant cells do not form Mmi1 foci. In these mutant cells, DSR-containing transcripts are liberated from the nuclear foci and escape degradation. These findings highlight the importance of spatial control in Mmi1-mediated regulation. However, it remains largely unknown how factors involved in Mmi1-mediated regulation are incorporated into the nuclear foci. The Red1-containing complex MTREC/NURS binds to both Mmi1 and the nuclear exosome \[[@pgen.1008598.ref023]--[@pgen.1008598.ref025]\], suggesting that Red1 acts as a bridge between the nuclear exosome and Mmi1. However, Red1 function in Mmi1-mediated transcript elimination remains to be elucidated.

Here, we show that recruitment of the nuclear exosome to nuclear foci is Red1-dependent. We further demonstrated that Red1 mediates physical interactions between Mmi1 and the nuclear exosome. Our current study sheds new light on our understanding of accurate target recognition in nuclear RNA degradation.

Results {#sec002}
=======

Red1 is crucial for nuclear exosome foci formation {#sec003}
--------------------------------------------------

To elucidate the mechanisms underlying exosome foci formation, we searched for factors required for the proper localization of Rrp6. We first examined the effect of deletion of the *red1*, *mmi1*, and *pab2* genes, whose gene products colocalize with nuclear foci of Rrp6 \[[@pgen.1008598.ref012], [@pgen.1008598.ref021]\]. Deletion of *mmi1* causes severe growth defects due to the ectopic expression of meiotic transcripts. Growth defects of *mmi1* deletion can be alleviated by deletion of *mei4*, a crucial target of Mmi1 \[[@pgen.1008598.ref003]\]. Thus, we used a *mmi1Δ mei4Δ* double mutant for examining the impact of *mmi1* deletion. Wild-type cells showed nucleolar localization of Rrp6. Rrp6 also formed foci in both nucleoplasm and nucleolus ([Fig 1A](#pgen.1008598.g001){ref-type="fig"} and [S1A Fig](#pgen.1008598.s001){ref-type="supplementary-material"}). Strikingly, nuclear foci formation of Rrp6 was severely impaired in *red1Δ* cells, whereas nucleolar accumulation was maintained. Cells lacking *mmi1* exhibited only a modest reduction in the frequency of Rrp6 foci formation and the number of foci per cell, indicating weak contribution of Mmi1 in Rrp6 foci formation. Foci formation of Mmi1 and Red1 was not interdependent ([Fig 1A](#pgen.1008598.g001){ref-type="fig"} and [S1A Fig](#pgen.1008598.s001){ref-type="supplementary-material"}) \[[@pgen.1008598.ref022], [@pgen.1008598.ref033]\], and they might play divergent roles in Rrp6 foci formation. The localization of Rrp6 in *pab2Δ* cells was comparable to that observed in wild-type cells. We also found that deletion of *red1* strongly impeded foci formation of both Dis3 and Rrp4, the core components of the exosome ([Fig 1B](#pgen.1008598.g001){ref-type="fig"} and [S1B Fig](#pgen.1008598.s001){ref-type="supplementary-material"}). Since the fluorescence signal of Dis3 and Rrp4 in the nucleolus in wild-type cells was more intense than that of Rrp6, the frequency of foci formation in or on the border of the nucleolus, and in nucleoplasm, might be underestimated. Deletion of *red1* had no severe impact on nuclear foci formation of Pla1 and Pab2, although percentages of cells containing 1 focus were increased ([Fig 1C and 1D](#pgen.1008598.g001){ref-type="fig"}, [S1C Fig](#pgen.1008598.s001){ref-type="supplementary-material"} and [S1D Fig](#pgen.1008598.s001){ref-type="supplementary-material"}). From these observations, we concluded that Red1 is a key player in nuclear foci formation of the exosome and regulates the localization of a subset of factors involved in Mmi1-mediated RNA degradation.

![Red1 is required for nuclear foci formation of exosome.\
(**A**) Localization of Rrp6, Red1 and Mmi1 in wild-type, *red1Δ*, *mei4Δ*, *mmi1Δ mei4Δ*, and *pab2Δ* cells. Cells expressing Rrp6-YFP (green), Red1-mCherry (red) or CFP-Mmi1 (blue) from the respective endogenous loci were observed during exponential growth in YE liquid medium. Images of the nuclear region are shown. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Rrp6 foci are indicated on the right (*n* \> 100). (**B**) Localization of Dis3 and Rrp4 in wild-type and *red1Δ* cells. *red1Δ* cells expressing Dis3-GFP or Rrp4-GFP from the respective endogenous loci were observed. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Dis3 or Rrp4 foci are indicated (*n* \> 100). (**C**) Localization of Pla1, Red1 and Mmi1 in wild-type and *red1Δ* cells. Cells expressing Pla1-YFP (green), Red1-mCherry (red) and CFP-Mmi1 (blue) were examined. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Pla1 foci are indicated (*n* \> 100). (**D**) Localization of Pab2, Red1, and Mmi1 in wild-type and *red1Δ* cells. Cells expressing Pab2-YFP (green), Red1-mCherry (red) and CFP-Mmi1 (blue) were examined. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Pab2 foci are indicated (*n* \> 100). Scale bars: 2 μm.](pgen.1008598.g001){#pgen.1008598.g001}

Rrp6 foci formation is dependent on an N-terminal domain of Red1 {#sec004}
----------------------------------------------------------------

We next determined which region of Red1 was essential for nuclear foci formation. Since it has been reported that the C-terminal zinc-finger motif is required for the elimination of meiotic transcripts but not for localization \[[@pgen.1008598.ref021]\], we constructed N-terminal deletion mutants according to secondary structure predictions by JPred ([Fig 2A](#pgen.1008598.g002){ref-type="fig"}) \[[@pgen.1008598.ref035]\]. Comparable expression of the Red1 deletion series was confirmed by western blot analysis ([S2A Fig](#pgen.1008598.s002){ref-type="supplementary-material"}). The deletion of residues 2 to 195 did not alter the localization of Red1 ([Fig 2A and 2B](#pgen.1008598.g002){ref-type="fig"}). When residues 2 to 347 was deleted, Red1 failed to form nuclear foci and was, rather, uniformly localized in the nucleus. The deletion of residues 196 to 347 also resulted in uniform nuclear localization. We then divided the domain involving residues 196 to 347 into three regions, and found that residues 196 to 245 were responsible for nuclear foci formation of Red1.

![Red1 forms nuclear foci through the N-terminal domain.\
(**A**) Schematic of the structure of Red1 and its truncation series. The blue rectangle represents a putative zinc-finger motif. Predicted alpha helices and beta sheets are shown in magenta and orange, respectively. Frequencies of cells carrying 0, 1, 2, 3, or 4 and more Red1 foci are indicated on the right (*n* \> 100). (**B**) Localization of full-length and truncated Red1. YFP-tagged full-length or truncated Red1 were expressed from the endogenous locus. Dotted lines indicate the shape of cells. Scale bar: 5 μm. (**C**) Localization of Rrp6 and Red1 in *red1(Δ196--245)* cells. *red1(Δ196--245)* cells expressing Rrp6-YFP (green) and Red1-mCherry (magenta) from the respective endogenous loci were observed. Images of the nuclear region are shown. Frequency of cells containing 0, 1, 2, 3, or 4 and more Rrp6 foci is indicated on the right (*n* \> 100). Scale bar: 2 μm. (**D**) Localization of Rrp6, Red1 and Mmi1 in *iss10Δ* cells. *iss10Δ* cells expressing Rrp6-YFP (green), Red1-mCherry (red) and CFP-Mmi1 (blue) were examined. Frequency of cells containing 0, 1, 2, 3, or 4 and more Rrp6 foci is indicated (*n* \> 100). Scale bar: 2 μm. (**E**) Expression of *mei4* mRNA and *ssm4* mRNA in wild-type (*red1-YFP*), *red1Δ*, *red1(Δ196--245)*, and *iss10Δ* cells. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared with the wild-type *red1-YFP* strain (Student's *t*-test).](pgen.1008598.g002){#pgen.1008598.g002}

We next examined Rrp6 localization in cells expressing Red1 lacking residues 196 to 245 (*red1(Δ196--245)*), and found that this domain is vital for Rrp6 nuclear foci formation ([Fig 2C](#pgen.1008598.g002){ref-type="fig"} and [S2B Fig](#pgen.1008598.s002){ref-type="supplementary-material"}). We also tested the effect of deletion of *iss10*, which is essential for Red1 nuclear foci formation \[[@pgen.1008598.ref022], [@pgen.1008598.ref024]\]. *iss10Δ* cells exhibited a strong reduction in Rrp6 foci formation frequency ([Fig 2D](#pgen.1008598.g002){ref-type="fig"} and [S2C Fig](#pgen.1008598.s002){ref-type="supplementary-material"}), suggesting that the proper localization of Red1 is crucial for nuclear foci formation of Rrp6.

The growth profile of *red1(Δ196--245)* cells was similar to that of wild-type cells, while *red1Δ* cells grew more slowly than wild-type cells and exhibited severe cold sensitivity ([S3A Fig](#pgen.1008598.s003){ref-type="supplementary-material"}) \[[@pgen.1008598.ref021], [@pgen.1008598.ref022]\]. *iss10Δ* cells showed mild cold sensitivity, as previously demonstrated \[[@pgen.1008598.ref022]\]. The cold sensitivity of *red1Δ* is not suppressed by deletion of *mei4*, indicating that the defect arises independently of ectopic accumulation of meiotic transcripts \[[@pgen.1008598.ref032], [@pgen.1008598.ref033]\]. Meiotic transcripts, such as *mei4*, *ssm4* and *rec8* mRNAs, were accumulated in *red1(Δ196--245)* and *iss10Δ* cells during vegetative growth, albeit to a lesser extent than *red1Δ* cells ([Fig 2E](#pgen.1008598.g002){ref-type="fig"} and [S3B Fig](#pgen.1008598.s003){ref-type="supplementary-material"}). The effect of the deletion of residues 196 to 245 was less prominent on expression of *spo5* mRNAs, which are also targeted by Mmi1. These results suggest that Red1 has some activity without this region or in the absence of Iss10 and that residues 196 to 245 is required to fully induce meiotic transcript degradation.

Red1 has been shown to mediate degradation of CUTs in an Mmi1-independent manner \[[@pgen.1008598.ref025]\]. We then examined the expression of the promoter upstream transcripts (PROMPTs) of the *cti6* gene and the *rpl402* gene, which are known to be CUTs transcribed from the promoter region of *cti6* or *rpl402* in anti-sense direction. In contrast to meiotic transcripts such as *ssm4*, *rec8* and *spo5*, ectopic expression of the *cti6* and *rpl402* PROMPT was detected in *red1Δ* and *rrp6Δ* cells, but not in *mmi1Δ* cells ([S3C Fig](#pgen.1008598.s003){ref-type="supplementary-material"}), as shown previously \[[@pgen.1008598.ref025]\]. *red1(Δ196--245)* and *iss10Δ* cells showed a modest, if any, defect in elimination of the *cti6* and *rpl402* PROMPT, as was the case with meiotic transcripts ([S3D Fig](#pgen.1008598.s003){ref-type="supplementary-material"}). Altogether, the 196--245 domain of Red1 was required for nuclear foci formation of itself and Rrp6, and played a significant role in regulation of meiotic transcript and CUT expression, although it was dispensable for growth at low temperatures.

Red1 connects Rrp6 with Mmi1 for recruiting target RNAs to the exosome {#sec005}
----------------------------------------------------------------------

Red1 physically interacts with both Rrp6 and Mmi1 \[[@pgen.1008598.ref021]\]. To test whether Red1 mediates the interaction between Mmi1 and Rrp6, we carried out co-immunoprecipitation assays. Mmi1 was specifically co-purified with Rrp6 ([S4A Fig](#pgen.1008598.s004){ref-type="supplementary-material"}). RNase treatment did not affect the interaction of Mmi1 with Rrp6 ([S4B Fig](#pgen.1008598.s004){ref-type="supplementary-material"}), indicating that this interaction is independent of RNA molecules. The interaction between these proteins was abolished in the absence of *red1* ([Fig 3A](#pgen.1008598.g003){ref-type="fig"}), suggesting that Red1 physically links Mmi1 with the exosome. The deletion of residues 196 to 245 in Red1 mildly impaired the interaction between Mmi1 and Rrp6 owing to reduction of the interaction of Red1 with Mmi1 ([Fig 3B](#pgen.1008598.g003){ref-type="fig"}).

![Red1 is required for interaction between Rrp6 and Mmi1.\
(**A**) Co-immunoprecipitation of Rrp6 and Mmi1 in wild-type and *red1Δ* cells. Native cell extracts were prepared from exponentially growing cells expressing Rrp6-3HA in liquid MM medium and subjected to immunoprecipitation with anti-HA antibody. Precipitates and 10% total cell extracts were then immunoblotted with anti-Mmi1 and anti-HA antibodies. (**B**) Co-immunoprecipitation of Rrp6 and Mmi1 (left), or Red1 and Mmi1 (right) in wild-type and *red1(Δ196--295)* cells. Native cell extracts were subjected to immunoprecipitation with anti-HA antibody or anti-GFP antibody. Precipitates and 10% total cell extracts were then immunoblotted with anti-Mmi1, anti-HA and anti-GFP antibodies.](pgen.1008598.g003){#pgen.1008598.g003}

The above results implied that gene expression defects in *red1Δ* cells could be ascribed to impaired interaction between Mmi1 and Rrp6. We investigated this possibility by expressing a chimeric Mmi1-Rrp6 protein in *red1Δ* cells. We constructed a plasmid carrying a chimeric gene in which GFP was inserted between full-length *rrp6* and *mmi1* (*rrp6-GFP-mmi1*) ORFs. The chimeric protein Rrp6-GFP-Mmi1 was able to suppress the growth defect, and ectopic accumulation of meiotic transcripts and CUTs in *rrp6Δ* cells ([S5A and S5B Fig](#pgen.1008598.s005){ref-type="supplementary-material"}). Rrp6-GFP-Mmi1 also suppressed the growth defect and ectopic accumulation of meiotic transcripts in temperature-sensitive *mmi1* mutant cells (*mmi1-ts3*) ([S5C and S5D Fig](#pgen.1008598.s005){ref-type="supplementary-material"}). In these experiments, cells were cultured in minimal medium to induce expression of the chimeric protein. Since *mmi1Δ* cells show growth retardation in minimal medium even when combined with the *mei4* deletion, we used the temperature-sensitive *mmi1* mutant instead of *mmi1Δ*. These data indicated that Rrp6-GFP-Mmi1 maintains the functions of both Rrp6 and Mmi1. Intriguingly, aberrant accumulation of *mei4*, *ssm4*, *rec8* and *spo5* mRNAs in *red1Δ* cells was abrogated when Rrp6-GFP-Mmi1 was expressed, whereas not by either Rrp6 or Mmi1 alone ([Fig 4A](#pgen.1008598.g004){ref-type="fig"} and [S6A Fig](#pgen.1008598.s006){ref-type="supplementary-material"}). It should be noted that the use of minimal medium in these experiments resulted in the lower accumulation of meiotic transcripts than that in rich medium ([S3 Fig](#pgen.1008598.s003){ref-type="supplementary-material"}). Meanwhile, *cti6* and *rpl402* PROMPTs still accumulated in *red1Δ* cells even when Rrp6-GFP-Mmi1 was expressed ([Fig 4A](#pgen.1008598.g004){ref-type="fig"} and [S6A Fig](#pgen.1008598.s006){ref-type="supplementary-material"}). Rrp6-GFP-Mmi1 did not suppress the cold sensitivity of *red1Δ* cells ([S6B Fig](#pgen.1008598.s006){ref-type="supplementary-material"}), consistently with that the growth defect caused by *red1* deletion is irrelevant to ectopic expression of meiotic transcripts \[[@pgen.1008598.ref032], [@pgen.1008598.ref033]\]. We found that the slight growth retardation of *red1Δ* cells at 25 to 36˚C, which has been shown previously \[[@pgen.1008598.ref021], [@pgen.1008598.ref022]\], was suppressed by expression of Rrp6, Mmi1 or Rrp6-GFP-Mmi1 as well as Red1, although the underlying mechanism remains unclear.

![Interaction between Rrp6 and Mmi1 via Red1 is essential for meiotic transcript elimination.\
(**A**) Expression of *mei4* mRNA, *ssm4* mRNA and *cti6* PROMPT in *red1Δ* cells expressing Red1, Rrp6-GFP, Mmi1 or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids in liquid MM medium. Transcripts of each gene were analyzed by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared with cells carrying empty vector (Student's *t*-test). (**B**) *In vitro* interaction between Mmi1 and Rrp6. Purified Rrp6-FLAG was incubated with purified GST-YFP-Mmi1 and reticulocyte lysate expressing Red1-3HA or control lysate, and was precipitated with anti-FLAG antibody. Precipitates were then immunoblotted with anti-GFP, anti-HA and anti-FLAG antibodies. (**C**) Expression of *ssm4* mRNA and *cti6* PROMPT in *red1Δ mmi1Δ mei4Δ* cells expressing Red1, Rrp6-GFP, Mmi1, or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids in liquid MM medium. Transcripts were analyzed by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \*\*\**P* \< 0.001 compared with cells carrying empty vector (Student's *t*-test). (**D**) Localization of Rrp6-Mmi1 fusion proteins. *red1Δ* cells expressing Rrp6-YFP or chimeric proteins composed of Rrp6, YFP, and full-length or truncated Mmi1 from plasmids were observed during exponential growth. Frequencies of cells containing 0, 1, 2, 3, or 4 and more nuclear foci are indicated on the right (*n* \> 100). Dotted lines indicate the shape of cells. Scale bar: 5 μm.](pgen.1008598.g004){#pgen.1008598.g004}

We next confirmed the Red1-mediated interaction between Mmi1 and Rrp6 by *in vitro* binding assay ([Fig 4B](#pgen.1008598.g004){ref-type="fig"}). The weak direct interaction of Mmi1 with Rrp6 was observed in our experimental conditions. Addition of Red1 greatly increased the interaction, indicating the role of Red1 in connecting Mmi1 to the exosome. The direct binding of Red1 with Rrp6 was also observed ([Fig 4B](#pgen.1008598.g004){ref-type="fig"}).

From these results, we concluded that the physical interaction between Rrp6 and Mmi1 is crucial for the elimination of meiotic transcripts, but not for other function(s) involving Red1.

Self-interaction of Mmi1 is vital for meiotic transcript elimination by Rrp6 {#sec006}
----------------------------------------------------------------------------

We previously demonstrated that Mmi1 interacts with itself via the self-interaction domain, SID, which is essential for the proper function and localization of Mmi1 \[[@pgen.1008598.ref033]\]. Given that Rrp6-GFP-Mmi1 functions by interacting with endogenously expressed Mmi1, the YTH-RNA-binding domain in the chimeric protein could be unnecessary for meiotic transcript elimination because target transcripts might be recognized by endogenous Mmi1 and delivered to Rrp6 in the chimeric protein through Mmi1-Mmi1 interaction. To test this hypothesis, we constructed a plasmid carrying a fusion gene of *rrp6*, *GFP* or *YFP*, and *mmi1-ΔYTH* or *mmi1-ΔSID*, lacking the region encoding the YTH-RNA-binding domain or the SID, respectively. We confirmed that chimeric proteins were expressed in a comparable amount, although removal of the SID resulted in an increase of the expression level ([S6C Fig](#pgen.1008598.s006){ref-type="supplementary-material"}). Both chimeric proteins maintained the function of Rrp6 ([S5A and S5B Fig](#pgen.1008598.s005){ref-type="supplementary-material"}), but lost the ability to act as Mmi1 ([S5C and S5D Fig](#pgen.1008598.s005){ref-type="supplementary-material"}). The chimeric protein containing Mmi1-ΔYTH showed a negative effect in *mmi1-ts3* cells at permissive temperatures ([S5C and S5D Fig](#pgen.1008598.s005){ref-type="supplementary-material"}). This is because Mmi1 lacking the YTH domain exerts a dominant-negative activity, as shown previously \[[@pgen.1008598.ref033]\]. Rrp6-GFP-Mmi1-ΔYTH amended the degradation defect of *mei4*, *ssm4*, *rec8* and *spo5* mRNAs in *red1Δ* cells, but Rrp6-GFP-Mmi1-ΔSID did not ([Fig 4A](#pgen.1008598.g004){ref-type="fig"} and [S6A Fig](#pgen.1008598.s006){ref-type="supplementary-material"}). Rrp6-GFP-Mmi1-ΔYTH did not suppress the degradation defect in *red1Δ mmi1Δ* cells ([Fig 4C](#pgen.1008598.g004){ref-type="fig"} and [S6D Fig](#pgen.1008598.s006){ref-type="supplementary-material"}), indicating that Rrp6-GFP-Mmi1-ΔYTH requires endogenous Mmi1 to exert the function in the absence of Red1. The interaction between Rrp6-GFP-Mmi1 and endogenous Mmi1 was demonstrated by co-immunoprecipitation ([S6E Fig](#pgen.1008598.s006){ref-type="supplementary-material"}). This interaction was dependent on the SID but not on the YTH domain, as predicted.

We next examined the localization of the chimeric proteins. YFP instead of GFP was used for the observation to accommodate the microscope filter set. Rrp6-YFP-Mmi1 formed nuclear foci in *red1Δ* cells ([Fig 4D](#pgen.1008598.g004){ref-type="fig"}). The absence of the YTH domain did not affect the localization of the chimeric protein. However, SID deletion significantly reduced the frequency of foci formation. These observations suggested that Mmi1 self-interaction is crucial for foci formation of the chimeric proteins, and for meiotic transcript degradation by Rrp6, although we cannot exclude the possibility that the SID is required for the interaction of Mmi1 with other factors required for meiotic RNA elimination.

Rrp6 is required for foci formation of other exosome components {#sec007}
---------------------------------------------------------------

Rrp6 mediates the interaction between core components of the exosome and various exosome-related factors \[[@pgen.1008598.ref036]\]. To examine whether Rrp6 acts as a mediator between Red1 and other exosome components, we observed the localization of core components of the exosome in *rrp6Δ* cells. Dis3 and Rrp4 failed to form foci in the absence of *rrp6* ([Fig 5A](#pgen.1008598.g005){ref-type="fig"} and [S7A Fig](#pgen.1008598.s007){ref-type="supplementary-material"}), while Red1 and Mmi1 showed similar localization to wild-type cells ([Fig 5B](#pgen.1008598.g005){ref-type="fig"} and [S7B Fig](#pgen.1008598.s007){ref-type="supplementary-material"}). In *red1Δ* cells, in which foci formation of Rrp6, Dis3 and Rrp4 was severely impaired ([Fig 1A and 1B](#pgen.1008598.g001){ref-type="fig"}), Rrp6-YFP-Mmi1 partially recovered the foci formation frequencies of Dis3 and Rrp4 ([Fig 5C](#pgen.1008598.g005){ref-type="fig"} and [S7C Fig](#pgen.1008598.s007){ref-type="supplementary-material"}). Foci formation frequency was similar even when the YTH domain was absent. The recovery of Dis3 and Rrp4 foci formation depended on the SID of Mmi1 in the chimeric protein. These results suggested that Rrp6 plays a key role in the assembly of the exosome at nuclear foci containing Mmi1 and Red1.

![Rrp6 is vital for nuclear foci formation of other exosome components.\
(**A**) Localization of Dis3 and Rrp4 in *rrp6Δ* cells. *rrp6Δ* cells expressing Dis3-GFP or Rrp4-GFP from the respective endogenous loci were observed during exponential growth in liquid YE medium. Images of the nuclear region are shown. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Dis3 or Rrp4 foci are indicated on the right (*n* \> 100). (**B**) Localization of Red1 and Mmi1 in *rrp6Δ* cells. *rrp6Δ* cells expressing Red1-YFP (green) and CFP-Mmi1 (magenta) were examined. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Red1 or Mmi1 foci are indicated on the right (*n* \> 100). (**C**) Localization of Dis3 and Rrp4 in *red1Δ* cells expressing Rrp6-YFP, YFP-Mmi1, or chimeric proteins composed of Rrp6, YFP, and full-length or truncated Mmi1. Dis3-mCherry and Rrp4-mCherry were expressed from the respective endogenous loci (green) and YFP-containing chimeric proteins were expressed from plasmids (magenta) in liquid SD medium. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Dis3 or Rrp4 are indicated on the right (*n* \> 100). Scale bars: 2 μm.](pgen.1008598.g005){#pgen.1008598.g005}

Red1 links Mmi1 to the exosome in cooperation with Mtl1 {#sec008}
-------------------------------------------------------

We next investigated whether the function of Red1 to connect Mmi1 with the exosome required Mtl1, a component of the Red1-containing MTREC/NURS complex \[[@pgen.1008598.ref023], [@pgen.1008598.ref024]\]. Nuclear foci formation of Rrp6 was compromised in *mtl1* mutant cells ([Fig 6A](#pgen.1008598.g006){ref-type="fig"}). The relatively mild effect compared to that in *red1Δ* cells ([Fig 1A](#pgen.1008598.g001){ref-type="fig"}) might arise from the use of a conditional cold-sensitive mutant, since Mtl1 is essential for cell growth. We further examined the expression of meiotic transcripts in the *mtl1-cs5* cells expressing Rrp6-GFP-Mmi1. Expression of the chimeric protein suppressed aberrant accumulation of meiotic mRNAs as efficiently as that of wild-type Mtl1 ([Fig 6B](#pgen.1008598.g006){ref-type="fig"} and [S8 Fig](#pgen.1008598.s008){ref-type="supplementary-material"}). These observations suggest that Mtl1 contributes to connect Mmi1 and the nuclear exosome by forming the MTREC/NURS complex with Red1.

![Mtl1 mediates interaction between Rrp6 and Mmi1 to eliminate meiotic transcripts.\
(**A**) Localization of Rrp6 in wild-type and *mtl1-cs5* cells. Cells expressing Rrp6-mCherry from the endogenous locus were observed during exponential growth at 30˚C in liquid YE medium and shifted to 20°C for 2 hours. Dotted lines indicate the shape of cells. Frequencies of cells containing 0, 1, 2, 3, or 4 and more Rrp6 foci are indicated on the right (*n* \> 100). Scale bar: 5 μm. (**B**) Expression of *mei4* mRNA and *ssm4* mRNA in *mtl1-cs5* cells expressing Mtl1 and Rrp6-GFP-Mmi1 from plasmids. Cells were grown in liquid MM medium at 30°C and shifted to 20°C for 2 hours. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05 compared with cells carrying empty vector at 20˚C (Student's *t*-test).](pgen.1008598.g006){#pgen.1008598.g006}

Discussion {#sec009}
==========

In this study, we demonstrated that the primary function of Red1 in meiotic transcript elimination is to connect Mmi1 and the nuclear exosome physically. We have also shown that Rrp6 is crucial for nuclear foci formation of the core exosome. This observation is consistent with the result of previous co-purification assays, which showed that the interaction between exosome subunits and Red1 depends on Rrp6 \[[@pgen.1008598.ref025]\]. Red1 forms the complex, MTREC or NURS, which includes an RNA helicase, Mtl1 \[[@pgen.1008598.ref023], [@pgen.1008598.ref024]\]. Our observations also imply that the MTREC/NURS complex, rather than Red1 alone, may link Mmi1 to the exosome.

We found that foci formation of Rrp6 was severely impaired by the deletion of residues 196 to 245 in Red1. Meanwhile, ectopic expression levels of meiotic transcripts were moderate in *red1(Δ196--245)* cells compared to those in *red1Δ* cells. These results suggest that nuclear foci, to which Rrp6 and Mmi1 localize, might not be the exclusive sites for Mmi1-mediated RNA degradation. Indeed, the localization of factors involved in Mmi1-mediated degradation is not limited to nuclear foci; Mmi1, Red1 and Rrp6 have been shown to localize to the loci encoding target transcripts including *mei4* by chromatin immunoprecipitation experiments \[[@pgen.1008598.ref023], [@pgen.1008598.ref024], [@pgen.1008598.ref026], [@pgen.1008598.ref027], [@pgen.1008598.ref032], [@pgen.1008598.ref037]\], although their colocalization with the *mei4* locus was not observed by microscopic observations \[[@pgen.1008598.ref024], [@pgen.1008598.ref037]\]. Thus, it is plausible that Mmi1-mediated RNA degradation also takes place at the genetic loci where its targets are transcribed. Further clarification of the site(s) of RNA degradation would be important for understanding of Mmi1-mediated regulation.

Red1 exerts various functions beyond meiotic transcript elimination. For instance, Red1 plays an essential role in degradation of CUTs by the nuclear exosome, independently of Mmi1 \[[@pgen.1008598.ref025]\]. Red1 is also required for growth at low temperatures \[[@pgen.1008598.ref021], [@pgen.1008598.ref022]\], although it remains elusive what Red1 does under cold conditions. It is interesting whether Red1 physically links a target-recognition factor to the degradation machinery, such as the nuclear exosome, in other situations as in meiotic transcript elimination. Another intriguing question is whether Red1 function is conserved in other organisms. A human zinc-finger protein, ZFC3H1, which is suggested to be a counterpart of Red1, forms a complex termed PAXT (poly(A) tail exosome targeting) together with an Mtl1-ortholog, hMtr4, and plays an important role in the selective elimination of polyadenylated nuclear RNAs \[[@pgen.1008598.ref038], [@pgen.1008598.ref039]\]. Intriguingly, ZFC3H1 is required not only for RNA degradation but also retention of target transcripts to nuclear foci \[[@pgen.1008598.ref039], [@pgen.1008598.ref040]\]. We have demonstrated that Red1 is dispensable for tethering of meiotic transcripts to nuclear foci, while Mmi1 prevents nuclear export of its targets by sequestering them to foci even when RNA degradation is dampened \[[@pgen.1008598.ref033]\]. Future studies may clarify the conservation of Red1 function in higher eukaryotes.

Materials and Methods {#sec010}
=====================

Yeast strains and general genetic methods {#sec011}
-----------------------------------------

The *S*. *pombe* strains used in this study are listed in [S1 Table](#pgen.1008598.s009){ref-type="supplementary-material"}. The general genetic manipulation procedures and growth media have been previously described \[[@pgen.1008598.ref041], [@pgen.1008598.ref042]\]. Deletion mutants and epitope-tagged strains were constructed using PCR-based gene-targeting protocols \[[@pgen.1008598.ref043], [@pgen.1008598.ref044]\].

To construct truncated *red1* mutant strains, we cloned the *red1* open reading frame (ORF) with 1 kb upstream and downstream flanking regions and removed the indicated regions using the PrimeStar Mutagenesis kit (Takara, Shiga, Japan). PCR-amplified DNA fragments encompassing each truncated *red1* ORF with flanking regions were introduced into the *red1*::*ura4*^*+*^ strain. Transformants were counter-selected on medium containing 5-fluoroorotic acid.

Plasmids expressing chimeric *rrp6-GFP-mmi1* gene and its variants were constructed by cloning the PCR-amplified *rrp6* and full-length or truncated *mmi1* ORFs into pREP81 carrying the green fluorescent protein (GFP) ORF, in which the fusion genes were expressed under the control of a modified thiamine-repressive *nmt1* promoter \[[@pgen.1008598.ref045]\]. To observe the localization and expression levels of chimeric proteins (Figs [4D](#pgen.1008598.g004){ref-type="fig"} and [5C](#pgen.1008598.g005){ref-type="fig"}, [S6C Fig](#pgen.1008598.s006){ref-type="supplementary-material"} and [S7C Fig](#pgen.1008598.s007){ref-type="supplementary-material"}), GFP was replaced with yellow fluorescent protein (YFP) and the fusion genes were expressed from the modified constitutively active *adh1* promoter.

Fluorescence microscopy {#sec012}
-----------------------

Cells were grown in logarithmic phase at 30°C and mounted onto lectin-coated glass bottom culture dishes (MatTek, Ashland, MA) filled with liquid growth medium. Images were acquired using the DeltaVision-SoftWoRx system (GE Healthcare, Chicago, IL) by collecting 12 optical sections along the z-axis at 0.5 μm intervals. All images were deconvolved and merged into single projections using SoftWoRx software.

RNA preparation and reverse-transcription quantitative PCR (RT-qPCR) analysis {#sec013}
-----------------------------------------------------------------------------

Total RNA extraction and RT-qPCR analysis were performed as previously described \[[@pgen.1008598.ref033]\] by using ReverTra Ace qPCR Master Mix (TOYOBO, Osaka, Japan) and a LightCycler96 instrument (Roche, Basel, Switzerland) with SYBR Premix Ex Taq II (Takara). Normalization was performed using *act1*, which encodes actin. Primers used in this study are listed in [S2 Table](#pgen.1008598.s002){ref-type="supplementary-material"}.

Immunoprecipitation and western blot analysis {#sec014}
---------------------------------------------

Immunoprecipitation was performed as previously described \[[@pgen.1008598.ref046]\]. Hemagglutinin (HA)-tagged Rrp6 was precipitated using mouse anti-HA-tag magnetic beads M180-11 (MBL, Nagoya, Japan). Red1-YFP and GFP-containing chimeric proteins were precipitated and detected using anti-GFP-tag magnetic beads D153-11 (MBL) and anti-GFP antibody \[[@pgen.1008598.ref047]\], respectively. Rabbit anti-Mmi1 TB0514 (our laboratory preparation) and mouse anti-HA 12CA5 (Sigma-Aldrich, St. Louis, MO) were used to detect Mmi1 and Rrp6-3HA, respectively. For immunoprecipitation with RNase treatment, cell lysates were incubated for 30 min at room temperature with 0.5 U of RNase A and 20 U of RNase T1 (RNase Cocktail Enzyme Mix, Thermo Fisher Scientific, Waltham, MA). In [S2A Fig](#pgen.1008598.s002){ref-type="supplementary-material"} and [S6C Fig](#pgen.1008598.s006){ref-type="supplementary-material"}, harvested cells were disrupted with glass beads in 20% trichloroacetic acid. Anti-GFP antibody \[[@pgen.1008598.ref047]\] was used to detect Red1-YFP, Rrp6-YFP and Rrp6-YFP-Mmi1. Anti-γ-tubulin GTU-88 (Sigma-Aldrich) was used for a loading control.

*in vitro* binding assay {#sec015}
------------------------

PCR-amplified *YFP-mmi1* and *rrp6-FLAG* were cloned into pCold-GST (Takara). Glutathione S-transferase (GST)-tagged YFP-Mmi1 and Rrp6-FLAG proteins purified from *E*. *coli* were separated by NGC Chromatography System (Bio-rad, Hercules, CA) with HiTrap Heparin HP and HiTrap Q HP column (GE Healthcare) for GST-YFP-Mmi1 and GST-Rrp6-FLAG, respectively. It should be noted that most of GST-Rrp6-FLAG was cleaved between GST and Rrp6-FLAG during the preparation. HA-tagged Red1 was expressed in Rabbit Reticulocyte Lysate System, Nuclease Treated (Promega, Madison, WI) according to the manufacturer's instruction. mRNA containing the His-tagged *red1-3HA* gene was transcribed using T7-Scribe Standard RNA IVT Kit (Cellscript, Madison, WI). Capping and poly(A)-tailing were performed using ScriptCap m^7^G Capping System (Cellscript), ScriptCap 2′-O-Methyltransferase Kit (Cellscript), and A-Plus Poly(A) Polymerase Tailing Kit (Cellscript). For negative controls, we parallelly performed *in vitro* translation without mRNA. Proteins were incubated at the room temperature for 30 min in the binding buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl~2~, 1 mM dithiothreitol (DTT), 0.5% Triton-X100, 5% glycerol), and then mixed with Anti-DDDDK-tag mAb-Magnetic Beads M185-11 (MBL) at 4°C for 30 min. Beads were washed by wash buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 5 mM MgCl~2~, 1 mM DTT, 1% Triton-X100) for 5 times, and subjected to western blotting. Rabbit anti-GFP ab6556 (abcam, Cambridge, UK), mouse anti-FLAG M2 (Sigma-Aldrich), and rat anti-HA 3F10 (Sigma-Aldrich) were used to detect GST-YFP-Mmi1, Rrp6-FLAG, and Red1-3HA, respectively. Images were acquired by Odyssey CLx Infrared Imaging System (LI-COR, Lincoln, NE).

Supporting information {#sec016}
======================

###### Red1 is required for nuclear foci formation of exosome.

(**A**) Localization of Rrp6, Red1 and Mmi1 in wild-type, *red1Δ*, *mei4Δ*, *mmi1Δ mei4Δ*, and *pab2Δ* cells. Cells expressing Rrp6-YFP (green), Red1-mCherry (red) or CFP-Mmi1 (blue) from the respective endogenous loci were observed during exponential growth in YE liquid medium. Dotted lines indicate the shape of cells. Boxed regions are magnified in [Fig 1A](#pgen.1008598.g001){ref-type="fig"}. (**B**) Localization of Dis3 and Rrp4 in wild-type and *red1Δ* cells. *red1Δ* cells expressing Dis3-GFP or Rrp4-GFP from the respective endogenous loci were observed. Boxed regions are magnified in [Fig 1B](#pgen.1008598.g001){ref-type="fig"}. (**C**) Localization of Pla1, Red1 and Mmi1 in wild-type and *red1Δ* cells. Cells expressing Pla1-YFP (green), Red1-mCherry (red) and CFP-Mmi1 (blue) were examined. Boxed regions are magnified in [Fig 1C](#pgen.1008598.g001){ref-type="fig"}. (**D**) Localization of Pab2, Red1, and Mmi1 in wild-type and *red1Δ* cells. Cells expressing Pab2-YFP (green), Red1-mCherry (red) and CFP-Mmi1 (blue) were examined. Boxed regions are magnified in [Fig 1D](#pgen.1008598.g001){ref-type="fig"}. Scale bars: 5 μm.

(PDF)

###### 

Click here for additional data file.

###### Red1(Δ196--245) is defective in Rrp6 foci formation.

(**A**) Expression levels of truncated Red1 proteins. Cell extracts were prepared from exponentially growing cells expressing wild-type or truncated Red1-YFP in liquid YE medium and immunoblotted with anti-GFP antibody. γ-tubulin was used as a loading control. The asterisks indicate non-specific bands. (**B**) Localization of Rrp6 and Red1 in *red1(Δ196--245)* cells. *red1(Δ196--245)* cells expressing Rrp6-YFP (green) and Red1-mCherry (magenta) from the respective endogenous loci were observed. Dotted lines indicate the shape of cells. Boxed region is magnified in [Fig 2C](#pgen.1008598.g002){ref-type="fig"}. Scale bar: 5 μm. (**C**) Localization of Rrp6, Red1 and Mmi1 in *iss10Δ* cells. *iss10Δ* cells expressing Rrp6-YFP (green), Red1-mCherry (red) and CFP-Mmi1 (blue) were examined. Boxed region is magnified in [Fig 2D](#pgen.1008598.g002){ref-type="fig"}. Scale bar: 5 μm.

(PDF)

###### 

Click here for additional data file.

###### Red1(Δ196--245) is defective in meiotic transcript degradation.

(**A**) Growth profiles of wild-type (*red1-YFP*), *red1Δ*, *iss10Δ* and *red1(Δ196--245)* cells. Ten-fold serial dilutions of cells were spotted on YE medium and incubated at the indicated temperatures. (**B**) Expression of *rec8* mRNA and *spo5* mRNA in wild-type (*red1-YFP*), *red1Δ*, *iss10Δ* and *red1(Δ196--245)* cells. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05; \*\*\**P* \< 0.001 compared with the wild-type *red1-YFP* strain (Student's *t*-test). (**C**) Expression of *ssm4* mRNA, *rec8* mRNA, *spo5* mRNA, *cti6* PROMPT and *rpl402* PROMPT in wild-type, *mmi1Δ mei4Δ*, *red1Δ* and *rrp6Δ* cells. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared with the wild-type strain (Student's *t*-test). (**D**) Expression of *cti6* PROMPT and *rpl402* PROMPT in wild-type (*red1-YFP*), *red1Δ*, *red1(Δ196--245)*, and *iss10Δ* cells. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared with the wild-type *red1-YFP* strain (Student's *t*-test).

(PDF)

###### 

Click here for additional data file.

###### Rrp6 physically interacts with Mmi1.

(**A**) Co-immunoprecipitation of Rrp6 and Mmi1 in wild-type cells. Native cell extracts were prepared from exponentially growing cells expressing Rrp6-3HA from a plasmid in MM medium and subjected to immunoprecipitation with anti-HA antibody. Cells carrying an empty vector were used as a negative control. Precipitates and 10% total cell extracts were then immunoblotted with anti-Mmi1 and anti-HA antibodies. (**B**) The effect of RNase treatment on interaction between Rrp6 and Mmi1. Native cell extracts were incubated with or without RNase and subjected to immunoprecipitation with anti-HA antibody.

(PDF)

###### 

Click here for additional data file.

###### Chimeric Rrp6-GFP-Mmi1 protein maintains the function of Rrp6 and Mmi1.

(**A**) Growth profiles of *rrp6Δ* cells expressing Red1, Rrp6-GFP, Mmi1, or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids. Ten-fold serial dilutions of cells were spotted on MM medium and incubated at the indicated temperatures. (**B**) Expression of *mei4* mRNA, *ssm4* mRNA, and *cti6* PROMPT in *rrp6Δ* cells expressing Red1, Rrp6-GFP, Mmi1, or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared with cells carrying empty vector (Student's *t*-test). (**C**) Growth profiles of *mmi1-ts3* cells expressing Red1, Rrp6-GFP, Mmi1, or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids. Ten-fold serial dilutions of cells were spotted on MM medium and incubated at the indicated temperatures. (**D**) Expression of *mei4* mRNA and *ssm4* mRNA in *mmi1-ts3* cells expressing Red1, Rrp6-GFP, Mmi1, or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids. Cells were grown in liquid MM medium at 25°C and shifted to 37°C for 4 hours. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared with cells carrying empty vector at 37˚C (Student's *t*-test).

(PDF)

###### 

Click here for additional data file.

###### Interaction between Rrp6 and Mmi1 is essential for meiotic transcript elimination.

(**A**) Expression of *rec8* mRNA, *spo5* mRNA, and *rpl402* PROMPT in *red1Δ* cells expressing Red1, Rrp6-GFP, Mmi1 or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids in liquid MM medium. Transcripts of each gene were analyzed by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05; \*\**P* \< 0.01 compared with cells carrying empty vector (Student's *t*-test). (**B**) Growth profiles of *red1Δ* cells expressing Red1, Rrp6-GFP, Mmi1, or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids. Ten-fold serial dilutions of cells were spotted on MM medium and incubated at the indicated temperatures. (**C**) Expression levels of chimeric Rrp6-YFP-Mmi1 proteins. Cell extracts were prepared from exponentially growing cells expressing Rrp6-YFP or chimeric proteins composed of Rrp6, YFP, and full-length or truncated Mmi1 from plasmids in liquid MM medium and immunoblotted with anti-GFP antibody. γ-tubulin was used as a loading control. (**D**) Expression of *rec8* mRNA, *spo5* mRNA and *rpl402* PROMPT in *red1Δ mmi1Δ mei4Δ* cells expressing Red1, Rrp6-GFP, Mmi1, or chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids in liquid MM medium. Transcripts were analyzed by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared with cells carrying empty vector (Student's *t*-test). (**E**) Co-immunoprecipitation of endogenous Mmi1 and chimeric Rrp6-GFP-Mmi1 proteins. Native cell extracts were prepared from exponentially growing cells expressing chimeric proteins composed of Rrp6, GFP, and full-length or truncated Mmi1 from plasmids in liquid MM medium and subjected to immunoprecipitation with anti-GFP antibody. Precipitates and 10% total cell extracts were then immunoblotted with anti-Mmi1 and anti-GFP antibodies.

(PDF)

###### 

Click here for additional data file.

###### Rrp6 is vital for nuclear foci formation of other exosome components.

(**A**) Localization of Dis3 and Rrp4 in *rrp6Δ* cells. *rrp6Δ* cells expressing Dis3-GFP or Rrp4-GFP from the respective endogenous loci were observed during exponential growth in liquid YE medium. Dotted lines indicate the shape of cells. Boxed regions are magnified in [Fig 5A](#pgen.1008598.g005){ref-type="fig"}. (**B**) Localization of Red1 and Mmi1 in *rrp6Δ* cells. *rrp6Δ* cells expressing Red1-YFP (green) and CFP-Mmi1 (magenta) were examined. Boxed region is magnified in [Fig 5B](#pgen.1008598.g005){ref-type="fig"}. (**C**) Localization of Dis3 and Rrp4 in *red1Δ* cells expressing Rrp6-YFP, YFP-Mmi1, or chimeric proteins composed of Rrp6, YFP, and full-length or truncated Mmi1. Dis3-mCherry and Rrp4-mCherry were expressed from the respective endogenous loci (green) and YFP-containing chimeric proteins were expressed from plasmids (magenta) in liquid SD medium. Boxed regions are magnified in [Fig 5C](#pgen.1008598.g005){ref-type="fig"}. Scale bars: 5 μm.

(PDF)

###### 

Click here for additional data file.

###### Mtl1 mediates interaction between Rrp6 and Mmi1.

Expression of *rec8* mRNA and *spo5* mRNA in *mtl1-cs5* cells expressing Mtl1 and Rrp6-GFP-Mmi1 from plasmids. Cells were grown in liquid MM medium at 30°C and shifted to 20°C for 2 hours. Transcripts were quantified by RT-qPCR and normalized to *act1*. Error bars represent standard error of three independent samples. \**P* \< 0.05; \*\**P* \< 0.01 compared with cells carrying empty vector at 20˚C (Student's *t*-test).

(PDF)

###### 

Click here for additional data file.

###### Strains used in this study.

(PDF)

###### 

Click here for additional data file.

###### Primers used in this study.

(PDF)

###### 

Click here for additional data file.

###### Numerical data for all of graphs in this study.

(XLSX)

###### 

Click here for additional data file.
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Reviewer 1 requests RNA-FISH studies to address the potential role of Red1 in nuclear retention (point 2), an essential control for addressing the nature interaction between Rrp6 and Mmi1 (RNase treatment, point 4), and an additional control to ensure that the SID mutant is expressed at levels similar to those of other constructs used (point 5). Point 1 is also mentioned by reviewer 3, who suggests specific experiments (see below). I agree that these are important experiments. Points 3 and 6 can be addressed by discussion and clarification of the data.

Reviewer 2 requests investigating the role of MTREC (point 1, I agree this is an important and straightforward experiment). Points 2 and 5 are important controls that will provide further evidence of the model. Points 3 and 4 can be adressed by discussion.

Reviewer 3: Comments 2 and 3 can be addressed by further discussion, and I would be happy with the reviewer's suggestion of removing the section on self-interaction of Mmi1 being important for degradation (comment 5). Comment 1 (demonstrate direct interaction between proteins) is important and will require further experiments. Point 4 (related to point 1 of reviewer 1) should be addressed experimentally, either by Northern blot (as suggested by the reviewer) or by other methods that the authors find suitable.

Please also address the minor points of reviewers 1 and 2 (points 1, 2 and 4, as 3 is related to comments from reviewer 1).

Please feel free to contact me in some of the suggested experiments are not feasible.

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: In this work by Shichino and colleagues, the role of the Red1 protein is characterized. Red1 is known to be part of the MTREC complex, which promotes the degradation of a variety of transcript in fission yeast, including meiotic mRNAs during the mitotic cell cycle. Although Red1 is known to be required for the silencing of meiotic mRNAs, its exact contribution to selective RNA elimination remains poorly understood. In this study, it is shown that Red1 is required for the accumulation of the nuclear exosome to Mmi1 foci and for the copurification of Mmi1 with Rrp6. Using a chimeric fusion protein in which Rrp6 and Mmi1 are expressed as a single polypeptide, it was found that Red1 was now dispensable for silencing mei4 and ssm4 meiotic transcripts, but not a cryptic unstable transcript expressed from the cit6 gene. Using this Rrp6-YFP-Mmi1 fusion, they also show that the self-interaction domain (SID) of Mmi1 was required for the accumulation of the Rrp6-YFP-Mmi1 fusion into nuclear foci. From these data, the authors conclude that the primary role of Red1 in meiotic RNA elimination is to promote recruitment of the nuclear exosome to Mmi1-targeted transcripts.

The major conclusion presented in this work (i.e. that Red1 is important to recruit the nuclear exosome to Mmi1 degradation foci) is potentially interesting. However, key points need to be addressed before publication of this work, especially related to the importance of the Mmi1 nuclear foci for RNA decay and the evolutionarily conserved role of Red1 in nuclear RNA retention.

MAJOR POINTS:

\- The study focuses on the colocalization of exosome, Red1, and Mmi1 into nuclear foci that are thought to be degradation centers. However, results in this study questioned the importance of Mmi1 nuclear foci for RNA elimination. Expression of Red1 deletion mutant 196-245 shows complete loss of Rrp6 accumulation in nuclear foci (6%; Fig. 2C). Yet, the Red1 deletion mutant 196-245 only shows 2.5-fold accumulation of mei4 and ssm5 mRNAs, whereas the complete deletion of Red1 (which also shows 3-6% Rrp6 in foci; Fig. 1) leads to 20- and 12-fold accumulations of mei4 and ssm5 mRNAs, respectively (Fig. S2D). These results indicate that the presence of the nuclear exosome to Mmi1 nuclear foci is not absolutely required for degradation of mei4 and ssm4 mRNAs. This is a key point that needs to be clarified.

\- The group of Torben Jensen recently showed that the human Red1 homolog, ZFC3H1, is required for the retention of targeted polyadenylated RNAs into nuclear degradation foci (Cell Reports 2018, 23: 2199). An important question that needs to be addressed before publication of this work is whether Red1 is also required for retention of meiotic transcripts in Mmi1 foci. The authors should perform RNA FISH on either ssm4 or mei4 mRNAs in red1-null cells to determine whether these RNAs are still tethered to Mmi1 foci or are now exported to the cytoplasm. This is important to dissect Red1's role in nuclear exosome recruitment and nuclear RNA retention.

\- There are major inconsistencies in the RT-qPCR analysis of RNA levels presented throughout this study. For instance, whereas the mei4 mRNA is upregulated 20-fold in red1-null cells in Fig. S2D, it only shows 3-fold accumulation in Fig. 3B in the same deletion. The same is true for ssm4: 12-fold accumulation in red1 mutant in Fig. S2D, but 4-fold in Fig. 3B. The cit6 PROMT is up 15-fold in the red1 mutant in Fig. S2E, but shows 5-fold accumulation in the same mutant in Fig. S2F. This needs to be addressed.

\- Fig. 3A and S3 report physical association between Rrp6 and Mmi1. Because Mmi1 is an RNA-binding protein, it is very important to address whether the copurification of Rrp6 and Mmi1 is mediated by protein-protein interactions or depends on RNA by performing the coIP with and without benzonase. Alternatively, they could use RNA-binding defective mutants of Mmi1 such as Y352F or Y466F.

\- The authors compare the molecular phenotypes of various Rrp6-YFP-Mmi1 fusions: full-length (FL), delta YTH, and delta SID. The delta SID mutant shows defective localization to nuclear foci and is unable to rescue RNA silencing in the red1 mutant. Accordingly, it is very important to show that this mutant (delta SID) is expressed at levels similar to the FL and delta YTH by Western blotting.

\- It is not explained why analysis of Mmi1 function using the Rrp6-YFP-Mmi1 fusion was done in the mmi1-ts3 mutant and not in the deletion mutant, as done in Fig. 1 and Fig. S2. The use of the mmi1 deletion mutant represents a cleaner genetic system than the ts mutant.

MINOR POINTS:

\- p. 6, lines 5-7: work by the Leatherwood (Chen et al. 2011 PLoS ONE) and Bachand (St-André et al. 2010, JBC) labs should be cited for studies on Pab2 and meiotic RNA elimination.

\- p. 5, lines 5-8: the Mmi1 binding motif was also uncovered by a CRAC analysis of Mmi1 from the Vasiljeva lab (Cell Rep, 2015). Should cite.

\- In Fig. 2A, the authors could show the various Red1 deletions using schematic. This would ease comprehension by readers.

Reviewer \#2: In this study, Shichino and colleagues investigate the relationship between the formation of exosome nuclear foci and the degradation of meiotic transcripts in S. pombe vegetative cells. The authors propose a role for the Red1 subunit of the MTREC complex in physically bridging the YTH family RNA-binding protein Mmi1, which targets meiotic transcripts, to the nuclear exosome, for efficient degradation. Previous studies showed that Red1 associates with and connects Mmi1 to the nuclear exosome (Sugiyama and Sugiyama, 2011; Lee et al., 2013; Egan et al., 2014; Zhou et al., 2015).

Specifically, the authors show in a series of microscopy and genetic experiments that i) an N-terminal region of Red1 (residues 196 to 245) is required for its own accumulation and the enrichment of exosome components in Mmi1-containing nuclear foci, ii) expression of a chimeric construct linking Mmi1 to the Rrp6 subunit of the exosome bypasses the requirement of Red1 for exosome foci formation as well as meiotic mRNA degradation.

The experiments presented are mostly convincing and well performed. However, it remains questionable whether the role of Red1 in bridging Mmi1 to the exosome is specific or underlies a function of MTREC as a whole. Biochemical experiments are also needed to support the authors' conclusions and apparent discrepancies should be discussed as well. Below, issues are outlined as major and minor points.

Major points:

1/ An important aspect of the proposed model is that Red1 physically links the exosome to Mmi1 to promote efficient meiotic mRNAs degradation. Is this function specific to Red1 or dependent on MTREC? It would be informative to analyze a mutant of the core MTREC component Mtl1 in exosome foci formation and in meiotic mRNAs degradation in the presence of the chimeric Mmi1-Rrp6 construct.

2/ The red1(∆196-245) mutant is defective for the formation of exosome and its own foci (Figure 2). This might suggest that the interaction between Mmi1 and the exosome is lost in this context. Another possibility is that Red1(∆196-245) is defective for its association with Mmi1, Rrp6 and/or Mtl1. Biochemical evidence should be provided.

3/ The red1(∆196-245) mutant only marginally impacts meiotic mRNA degradation (Figure S2), suggesting that exosome foci formation may not be a critical determinant for transcripts degradation. The authors should discuss these apparent discrepancies in their model.

4/ Data presented in Figure 1A/S1A indicate that Mmi1 is only partially involved in Rrp6 foci formation, contrary to Red1. This indicates that the exosome forms foci independently of Mmi1 and further questions the correlation between exosome foci formation and meiotic mRNA degradation.

5/ The authors show that Rrp6-GFP-Mmi1-YTH∆ suppresses meiotic mRNA accumulation in red1∆ but not red1∆ mei4∆ mmi1∆ cells, suggesting that Rrp6-GFP-Mmi1-YTH∆ requires endogenous Mmi1. The authors should verify that endogenous Mmi1 associate with their chimeric construct in a SID-dependent manner. Also, one prediction is that the Mmi1 cofactor Erh1 should be required for the chimeric construct to function.

Minor points:

1/ A quantification of the number of exosome nuclear foci in wt and mutant cells would be informative, especially since mei4∆ mmi1∆ cells appear to have less dots.

2/ From the data presented (1B, S1B), there are very few Dis3 and Rrp4 dots outside the nucleolus. The percentage of foci frequency is not supported by the data. Could it be that Rrp6 is tethered to foci independently of the core exosome?

3/ Data in Figure 2B indicate that Red1 signals for the ∆2-347, ∆196-347 and ∆196-245 mutants are less intense. The authors should verify Red1 expression levels to exclude the possibility that that the lower frequency of dots is due to lower protein amount in the mutants.

4/ Expression analyses of additional CUTs should be provided to extend the results described for the cti6 PROMPT.

Reviewer \#3: In this manuscript, Shichino et al., investigate role of Zn finger protein Red1, one of the factor connected to nuclear exosome in fission yeast by the previous studies, in elimination of meiotic mRNAs. They propose that Red1 plays a role of connecting RNA binding sequence specific protein Mmi1 with the exosome subunit Rrp6 and test this hypothesis using several complementary approaches.

Although the study aims to address an important question in the field of RNA degradation related to the specificity of targeting, I feel that further evidence is needed to support the claims before I could recommend this manuscript for publication.

Comments:

1\. Throughout the manuscript, authors refer to the previously published work to support that red1 interact with rrp6 and mmi1 directly (for example page 12, 1st paragraph). The Co-IP of native complexes can not be used as an evidence for direct interaction. The current study does not provide this evince either. The proper biochemical experiments demonstrating direct interaction for recombinant proteins would benefit the manuscript.

2\. The importance of the nuclear foci for degradation of meiotic transcripts is not clear to me from the data presented. Data presented in Figure S2D does not show accumulation of meiotic transcripts in red1 delta 196-245 where foci are not formed.

3\. In Figure S4E expression of rrp6 and mmi1 separately rescues red1 delta growth defect equally well to the expression of the Rrp6-Mmi1 fusion protein suggesting that while having more Rrp6 and Mmi1 can rescue the phenotype physical link between these may not be important.

4\. Data in Fig 3B are quite central to the manuscript as they are meant to demonstrate that physical link between Rrp6 and Mmi1 is important for elimination of meiotic transcripts. However, the differences shown in this panel are not very striking, the numbers greatly varied between experiments (barely 3 fold difference for mei4 RNA in red1 delta in fig 3B compared to more than 20 fold difference in Figure S2D) and analyses is limited to only a couple of meiotic transcripts. I suggest extending analyses to more meiotic RNAs and presenting Northern blots and their quantifications.

5\. Section on self interaction of Mmi1 being important for degradation is the weakest part of the manuscript. I am sure that the manuscript benefit from this section at all. All the conclusions drawn based on indirect evidence and not convincing.
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Dear Akira,

Thank you very much for submitting your Research Article entitled \'Meiotic gene silencing factor Red1 recruits the nuclear exosome to YTH-RNA-binding protein Mmi1\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important topic but identified some aspects of the manuscript that should be improved.

We therefore ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points raised by reviewer 2 (no additional experients required).

In addition we ask that you:

1\) Provide a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

2\) Upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments should be included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.
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Please address the minor comments raised by reviewer number 2 (no extra experiments required).
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**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The authors have satisfactorily addressed my concerns. The manuscript has now improved and is now suitable for publication.

Reviewer \#2: In the revised version, the authors provide additional data that globally improve the manuscript. Below are minor comments:

1\) From data shown in Figure 6A and S8A, no Rrp6 foci are visible in the mtl1-cs5 mutant while the authors claim that there is only a mild effect on their formation. Images where such dots are present should be shown, consistent with the quantification.

2\) The authors now show that Mtl1 is required for exosome foci formation and that the chimeric Mm1-GFP-Rrrp6 protein suppresses ectopic expression of meiotic mRNAs in the mtl1-cs5 mutant. Since there is no in vitro evidence that recombinant Mtl1 associates or not with Mmi1 and Rrp6, the authors should tune down the emphasis on Red1 in the title and the abstract, as they did in the discussion ("Our observations also imply that the MTREC/NURS complex, rather than Red1 alone, may link Mmi1 to the exosome").

Reviewer \#3: The authors have addressed most of the issues raised by the reviewers
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Dear Akira,

We are pleased to inform you that your manuscript entitled \"Meiotic gene silencing complex MTREC/NURS recruits the nuclear exosome to YTH-RNA-binding protein Mmi1\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.

In the meantime, please log into Editorial Manager at <https://www.editorialmanager.com/pgenetics/>, click the \"Update My Information\" link at the top of the page, and update your user information to ensure an efficient production and billing process. Note that PLOS requires an ORCID iD for all corresponding authors. Therefore, please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.  This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager.

If you have a press-related query, or would like to know about one way to make your underlying data available (as you will be aware, this is required for publication), please see the end of this email. If your institution or institutions have a press office, please notify them about your upcoming article at this point, to enable them to help maximise its impact. Inform journal staff as soon as possible if you are preparing a press release for your article and need a publication date.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Genetics!

Yours sincerely,

Juan Mata, Ph.D.
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Editor-in-Chief
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We are pleased to inform you that your manuscript entitled \"Meiotic gene silencing complex MTREC/NURS recruits the nuclear exosome to YTH-RNA-binding protein Mmi1\" has been formally accepted for publication in PLOS Genetics! Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out or your manuscript is a front-matter piece, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.
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